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Ferroelectricity is observed in orthorhombic HoMnO3 and YMnO3 at the magnetic lock-in tran-
sitions into an E-type structure or an incommensurate phase with a temperature independent wave
vector, respectively. In HoMnO3 the ferroelectric polarization strongly depends on the external
magnetic field indicating the involvement of the rare earth moment order in this compound. The
results are discussed within the framework of recent theoretical models, in particular the double
exchange driven polar displacements predicted for E-type magnetic structures.
PACS numbers: 75.30.-m,75.50.Ee,77.80.-e,77.84.Bw
I. INTRODUCTION
Multiferroic magnetoelectric manganites have at-
tracted increasing attention because of the coexistence of
ferroelectric and magnetic orders, the control of polariza-
tion by external and internal magnetic fields as well as by
external pressure, the role of spin frustration in stabiliz-
ing improper ferroelectricity, and the rich phase diagrams
with cascades of magnetic and ferroelectric phase tran-
sitions upon changing temperature or magnetic fields.1,2
In hexagonal manganites, RMnO3 (R = Y , Ho to Lu),
ferroelectricity arises well above the antiferromagnetic
(AFM) ordering temperature and the coupling between
the ferroelectric (FE) order and the frustrated AFMMn-
spin structure is indirect (the linear magnetoelectric ef-
fect is forbidden by symmetry) and mediated by magne-
toelastic interactions.3,4,5 In contrast, the ferroelectric-
ity in orthorhombic TbMnO3 and the kagome´ staircase
compound Ni3V2O8 has been shown to be triggered by a
magnetic phase transition from a sinusoidal to a helical
spin density wave with the spatial inversion symmetry
broken in the latter phase.6,7 The magnetoelastic cou-
pling leads to a distortion of the lattice with a net FE
polarization perpendicular to the propagation vector of
the spin density wave and the axis of rotation of the heli-
cal modulation.8 This empirical picture is based on sym-
metry considerations, it suggests a trilinear coupling of
the magnetic order parameters and the FE polarization,
and it is supported by a recent microscopic model for
Ni3V2O8.
9 The orthorhombic RMn2O5 rare earth man-
ganites also show ferroelectricity at the magnetic lock-in
transition into a commensurate magnetic structure. The
microscopic origin of the FE order has yet to be under-
stood, however, it was suggested that the magnetic frus-
tration among the Mn-spins is reduced by a displacement
of oxygen and manganese ions with a macroscopic polar-
ization along the orthorhombic b-axis.10,11 In a more de-
tailed investigation of the spin structure of TbMn2O5 and
YMn2O5 Chapon et al. have explained the ferroelectric-
ity in the commensurate phase of RMn2O5 as induced
by an acentric spin-density wave.12,13
The magnitude of the FE polarization in the above
mentioned manganites and vanadates is relatively small
with typical values of 100 nC/cm2 at low temperatures.
This was attributed in part to the small antisymmet-
ric Dzyaloshinskii-Moriya spin-spin interaction resulting
from the spin-orbit coupling that plays a major role in the
ferroelectrics with helical magnetic structures.14 Alterna-
tive physical mechanisms resulting in FE order induced
by magnetic modulations with possibly larger values of
the FE polarization have therefore been searched for.
Sergienko et al.15 have recently proposed the existence of
FE order in the E-type magnetic structure of orthorhom-
bic HoMnO3 and other compounds and predicted an or-
ders of magnitude larger polarization as compared to the
manganites discussed in the previous paragraph. The
microscopic mechanism is a competition between elastic
energy and the energy gain due to the (virtual) hopping
of Mn-eg electrons along the ferromagnetically aligned
moments of an Mn-zigzag chain in the E-type magnetic
structure. Strong dielectric anomalies and an increase
of the dielectric constant of up to 60 % at the magnetic
transitions of orthorhombic HoMnO3 and YMnO3 have
indeed been reported by us16 suggesting the possible ex-
istence of FE. We have therefore decided to search for
FE in orthorhombic HoMnO3 and YMnO3 and assess
the role of the rare earth element. We prove the exis-
tence of a macroscopic FE polarization P in orthorhom-
bic HoMnO3 and YMnO3 by measuring the pyroelectric
current that arises from a change of P (T ) during cooling
or heating through the magnetic and FE phase transi-
tions.
The RMnO3 manganites can be synthesized in the or-
thorhombic structure for all rare earth ions, however,
for R = Ho to Lu and Y the perovskite structure is
metastable and the synthesis has to be conducted un-
der high-pressure conditions.16,17 The magnetic struc-
tures of HoMnO3 and YMnO3 have been investigated
by neutron scattering. Both compounds undergo a phase
transition into an incommensurate magnetic structure at
TN ≈ 42 K and at lower temperature the magnetic order
locks into a commensurate E-type order (HoMnO3)
18 or
into an incommensurate phase with a temperature inde-
pendent modulation vector (YMnO3).
19 The stability of
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FIG. 1: (Color online) Temperature dependence of the ferro-
electric polarization P of HoMnO3 in different magnetic fields
H (increasing from top to bottom curve).
the E-type magnetic order in HoMnO3 as the ground
state configuration was recently confirmed by first prin-
ciple calculations.20 Dielectric anomalies are observed at
all magnetic phase transitions.16
II. EXPERIMENTAL
The samples of HoMnO3 and YMnO3 used in this
report have been synthesized under high-pressure condi-
tions as described elsewhere.16 X-ray spectra indicate a
pure orthorhombic phase with no detectable reflections
of impurity phases. Polycrystalline pellets of high den-
sity have been shaped for pyroelectric current measure-
ments. The typical sample thickness was 0.4 mm and the
contact area was of the order of 8 mm2. The Physical
Property Measurement System (Quantum Design) was
used for temperature and magnetic field control. The
pyroelectric current was measured upon heating in zero
electric field employing the Keithley 6517A electrome-
ter after cooling the sample in electric fields of up to 5
kV/cm and shortening the contacts at the lowest tem-
perature for 15 min. The polarization was calculated by
integrating the pyroelectric current. Although the sam-
ples are polycrystalline (single crystals of high-pressure
synthesized samples are not available) the current signal
was clearly detected. The measurement represents an
average of the polarization over all possible grain orien-
tations and the data provide a lower limit for the actual
FE polarization that is supposed to be aligned with the
a-axis (space group Pbnm).15
III. RESULTS AND DISCUSSION
The temperature dependence of the FE polarization of
HoMnO3 calculated from the pyroelectric current data
is shown in Fig. 1 at different magnetic fields. The spon-
taneous polarization ~P starts to grow at TL=26 K, the
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FIG. 2: (Color online) Decrease of FE polarization of
HoMnO3 with increasing magnetic field at 4.5 K. the main
panel shows the discharging current. Inset: Ferroelectric po-
larization P (H).
temperature of the lock-in transition into the AFM E-
phase. The neutron scattering data18 show that the mag-
netic moments of the Mn-ions change continuously below
TN in passing through TL and the Ho-moment increases
smoothly below TL. The magnitude of ~P is small, in con-
trast to the large value predicted by Sergienko et al.,15
and it increases rapidly only below 15 K, the tempera-
ture at which a major change in the magnetic structure of
the Ho-moments has been reported.18 According to the
neutron scattering results the collinear AFM order of the
Ho-moments oriented along the b-axis sets in at TL with
the sublattice magnetization increasing significantly at
lower T . At TNC=15 K the Ho-moments rotate in the
a-b plane and form a noncollinear magnetic structure.18
The polarization (Fig. 1) exhibits a significant increase
at this temperature suggesting an involvement of the rare
earth magnetic order in stabilizing the FE displacements.
The temperature dependence of P is indeed qualitatively
similar to that of the Ho-moment.18 The FE polariza-
tion is dramatically reduced in external magnetic fields
as shown in Figs. 1 and 2 up to 70 kOe. Increasing the
magnetic field at a rate of 200 Oe/s at 4.5 K, after pol-
ing the FE domains during cooling, indeed generates a
current that proves the decrease of the FE polarization
as shown in Fig. 2. The inset of Fig. 2 displays the esti-
mated polarization. In agreement with the magnetic field
dependence of the dielectric constant16 P (H) experiences
the major decrease above 10 kOe where a metamagnetic
transition (alignment of the Ho-moments with the field)
had been reported.16,18
The strong correlation of the polarization change be-
low 15 K with the Ho magnetic order and its sensitivity
to external magnetic fields raises the question about the
microscopic origin of the ferroelectricity and the role of
Mn-spins and rare earth magnetic moments. Accord-
ing to the recent theoretical proposal15 the rare earth
moment should not be essential for the FE order in the
compound, but magnetoelastic effects along the ferro-
magnetic zigzag chains of Mn-spins are responsible for
3the FE distortions. We have, therefore, investigated rare-
earth free orthorhombic YMnO3 with respect to ferro-
electricity. The pyroelectric current measured on a poly-
crystalline sample indeed reveals a FE transition taking
place at 28 K. The measured polarization is shown in Fig.
3. Unlike theHoMnO3, the polarization of YMnO3 does
not depend on the magnetic field up to 70 kOe. The FE
polarization in YMnO3 is larger than that determined
for HoMnO3 and it arises exactly at the lock-in temper-
ature TL = 28K of the incommensurateMn spin density
wave. Neutron scattering experiments suggested that be-
low TL the spin modulation is still incommensurate with
q = 0.434 along the b-axis but it is locked into a temper-
ature independent value.19 The origin of ferroelectricity
in orthorhombic YMnO3, however, is difficult to under-
stand within this collinear IC magnetic order scheme.
This issue will be discussed in detail below.
The value of the measured polarization is largely af-
fected by the polycrystalline nature of the high-pressure
synthesized samples. However, large single crystals of
high pressure synthesized orthorhombic RMnO3 are not
available and all experiments have to be conducted using
dense ceramic samples. While this is not a principle prob-
lem and ferroelectric ceramics are well known and even
commercially available, a few cautious measures have to
be applied to avoid experimental artifacts affecting the
results and interpretations. The electrical current i be-
tween the two electrodes attached to a parallel plate di-
electric can be expressed as
i = C
dV
dt
+A
dP
dt
+
V
R
(1)
V is the (time dependent) applied voltage, C = εε0A/L
is the capacitance, A and L are the contact area and
sample thickness, respectively, and R is the sample re-
sistance. The three terms in equation (1) are the capac-
itive, ferroelectric, and resistive currents. The samples
of HoMnO3 and YMnO3 investigated in this work are
highly resistive with a dc-resistance at low temperatures
larger than 109 Ω. This excludes any significant resistive
currents and it indicates the high quality of the com-
pounds. In order to separate the current that is due to a
sole change of the ferroelectric polarization all measure-
ments have been conducted at zero bias voltage with in-
creasing temperature (thus excluding the capacitive cur-
rent) after cooling the samples in a constant electric field.
Before starting the pyroelectric current measurements at
the lowest temperature the electrodes have been short-
ened for up to 15 min in order to release any charges in
the system. This procedure excludes any artifact due to
the change of large electric fields, trapped charges, etc.
as discussed earlier in the case of extremely inhomoge-
neous systems (for example ferroelectric copolymers).21
The possibility that ferroelectricity arises in the grain
boundaries or the surface of the grains cannot be com-
pletely ignored. However, it appears very unlikely that
the pyroelectric current measured between the two metal-
lic electrodes is solely generated by polarization charges
in the grain boundary. The total area of the grain bound-
aries underneath the electrode is small as compared to
the contact area and any contribution from a possible
polarization in the grain boundaries is expected to be
negligible.
Due to the random orientation of the grains in the
polycrystalline sample the measured polarization has to
be lower than the intrinsic P for a single grain or FE
domain. First, the measurement can only provide data
for the component of ~P perpendicular to the contact sur-
face averaging over all possible grain orientations since it
is clear that the FE polarization is directed along one
of the principal crystallographic orientations. According
to the theory of Sergienko et al.15 ~P is aligned with the
orthorhombic a-axis. Secondly, cooling in strong electric
field is necessary to align the FE domains within a single
grain. The electric field component in the direction of the
FE polarization, however, depends on the grain orienta-
tion and it decreases if the angle between the electric field
and ~P increases. Therefore, grains with a less perfect FE
domain alignment will always exist causing the macro-
scopic polarization to be smaller than that for a properly
oriented single crystal. In addition, even with a perfect
grain orientation the minimum electric field Emin to align
all domains along the field direction it is not known and
the maximum applied field of 5 kV/cm in this experiment
may be smaller than Emin. Indeed, plotting the maxi-
mum P of YMnO3 at the lowest temperature as a func-
tion of the poling electric field (Inset to Fig. 3) reveals
that the saturation polarization was not achieved in the
current experiment. Increasing the poling field further is
experimentally difficult due to the limited strength of the
sample and the environment with respect to a dielectric
breakdown. Single crystals of orthorhombic HoMnO3
and YMnO3 are highly desirable but not yet available.
Alternatively, the growth of thin epitaxial films on appro-
priate substrates with the orientation of ~P perpendicular
to the film surface will avoid the random grain problem
and could be used to determine the intrinsic values of the
FE polarization.
The microscopic origin of the FE order in orthorhom-
bic RMnO3 is still a matter of discussion. Several mod-
els have been proposed to explain the ferroelectricity in-
duced by magnetic orders. The phase transition from si-
nusoidal spin modulation to a helical magnetic structure
was shown by symmetry arguments and Landau theory
to break the spatial inversion symmetry and allow for a
macroscopic FE polarization through a third order cou-
pling between the magnetic order parameter and the FE
polarization.6,7,8 For the orthorhombic YMn2O5 Chapon
et al.13 have shown that a non-centrosymmetric magnetic
structure arises at the magnetic lock-in transition within
a system of AFM aligned zigzag chains of Mn4+- and
Mn3+-spins propagating along the a-axis with an appro-
priate spin orientation and a phase factor. The FE po-
larization than arises from a strong magnetoelastic cou-
pling. Evidence of sizable magnetoelastic effects has been
found recently in large anomalies of the thermal expan-
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FIG. 3: (Color online) Temperature dependence of the fer-
roelectric polarization P of orthorhombic YMnO3. The inset
shows the maximum polarization at 4.5 K for different poling
fields.
FIG. 4: (Color online) Magnetic order and ferroelectric po-
larization arising from the double exchange mechanism for
(a) the E-type commensurate structure (HoMnO3) and (b)
the sinusoidal incommensurate order proposed for YMnO3.
19
Large spheres: Mn-ions with spins, small spheres: oxygen
ions. The FM aligned zigzag chains are shown for the first
and last unit cells and the local polarization in these chains
is indicated by the large vertical arrows.
sivities at the FE transitions in RMn2O5.
11 The most
recent proposal involves the double exchange mechanism
virtually coupling the eg-electrons of neighboring Mn
3+
ions with the same direction of the magnetic moment
that competes with the elastic energy.15 In an E-type
magnetic modulation with ferromagnetic zigzag chains
ofMn-spins this mechanism can stabilize ferroelectricity
through a cooperative displacement of oxygen ions gener-
ating a macroscopic polarization along the orthorhombic
a-axis. This model could explain the observed ferroelec-
tricity in HoMnO3.
Our data for HoMnO3 shown in Fig. 1, however, in-
dicate that the case is more complex because of the in-
volvement of the rare earth magnetic moment. The Ho-
moment apparently plays a crucial role and is responsible
for the rapid increase of the FE polarization below 15 K
(Fig. 1). While in principle the FE displacement below
TL can be explained by the double exchange mechanism
15
the details of the temperature dependence of P and
its strong magnetic field dependence needs further dis-
cussion. The rare earth moments in HoMnO3 experi-
ence a spin reorientation at TNC=15 K
18 changing their
collinear alignment with the b-axis to a non-collinear
magnetic structure below TNC . This non-collinear struc-
ture can give rise to an additional FE displacement in a
sense discussed by Mostovoy8 and others6,7 through mag-
netoelastic interactions. The non-collinear Ho-moment
order below TNC would allow a FE displacement along
the a-axis (perpendicular to the propagation vector of the
E-type modulation and the rotation axis between the two
spin arrangements) which is incidentally the same direc-
tion as follows from the double exchange mechanism in-
volving the Mn-spin order. Therefore we conclude that,
in addition to the Mn-spin order, the rare earth mag-
netic order plays a major role in stabilizing ferroelectric-
ity in HoMnO3 at low temperatures. This is further
supported by the strong magnetic field dependence of
the polarization in HoMnO3 above 10 kOe similar to
the one observed for the dielectric constant data.16 The
metamagnetic transition aligning the Ho-moments with
the field decreases the angle between the Ho-moments.
Since the polarization arising from the non-collinear Ho-
moment order is proportional to the vector product of
the two moments8 the FE polarization will decrease with
the decreasing angle between them.
The ferroelectricity observed in orthorhombic YMnO3
(Fig. 3) is more difficult to explain based on the pub-
lished data for the magnetic structure of the Mn-spins.
Neutron scattering experiments have been interpreted
with contradicting results. Quezel et al.22 proposed a
helical Mn-spin order with an antiparallel spin arrange-
ment in the a-c plane and an incommensurate modulation
along the b-axis with a relatively small propagation vec-
tor (qy = 0.079). Although this spin structure involves a
helical modulation it cannot give rise to a FE displace-
ment within the Landau theory proposed by Mostovoy8
and others since the propagation vector and the rota-
tion axis of the helical modulation are parallel and the
corresponding cross product of both vectors results to
zero. Later Munoz et al.19 revised the magnetic struc-
ture of YMnO3 and proposed an incommensurate sinu-
soidal spin order propagating along the orthorhombic b-
axis with the wave vector of qy=0.434. This magnetic
structure is characterized by zigzag chains of parallel
spins in the a-b plane directed along the a-axis. The ma-
jor difference with respect to the E-type commensurate
order is the modulation of the magnitude of the spins in
neighboring zigzag chains that follows the incommensu-
5rate wave. In fact, the E-type spin structure follows for
the commensurate value qy=0.5. The double exchange
mechanism proposed by Sergienko et al.15 does apply to
a single FM zigzag chain and may result in a local dis-
tortion along the chain direction with a corresponding
polarization. However, due to the incommensurate mod-
ulation of the Mn-moments along the b-axis the folding
direction of the FM zigzag chains is reversed every few
unit cells resulting in a reversal of the local polarization
in the chain.23 The magnetic structure and the resulting
in-chain polarization is sketched in Fig. 4b and compared
with the E-type structure of Fig. 4a. The character of
the dielectric order in the case of YMnO3 should be anti-
ferroelectric with a periodic modulation of the polariza-
tion according to the IC magnetic modulation. The two
polarizations shown at the right and left unit cells in Fig.
4b are opposite in sign since the folding direction of the
two FM zigzag chains correspond to the two magnetic
domains of the commensurate E-type magnetic order.23
Within the double exchange model the FE polarization
does change sign if the magnetic domain is reversed.15
While the macroscopic FE polarization was clearly ob-
served in our experiments below the lock-in transition of
orthorhombic YMnO3 the physical mechanism leading
to ferroelectricity is not clear. It appears conceivable to
assume that, similar to TbMnO3 or HoMnO3, the ferro-
electricity in YMnO3 is improper and the primary order
parameter is of magnetic origin driving the FE distortion
through a polar magnetic order and the spin-lattice cou-
pling. Since the magnetic structures derived from both
neutron scattering investigations19,22 do not support a
macroscopic polarization based on the mechanisms pro-
posed by Mostovoy8 and Sergienko15 an alternative theo-
retical description (for example by extending the existing
models or by developing new theories) or a reconsider-
ation of the magnetic structure seem to be necessary.
In the phase diagram of orthorhombic RMnO3
24 the
YMnO3 is close to HoMnO3 on one side and DyMnO3
and TbMnO3 at the other side. For TbMnO3 the ferro-
electricity was explained by the IC helical magnetic struc-
ture of the Mn-spins as verified by neutron scattering
data.6 High quality single crystals are needed to resolve
the magnetic structure in great detail and to distinguish
the non-collinear helical modulation from a collinear sinu-
soidal spin arrangement. Unfortunately, single crystals of
metastable RMnO3 compounds synthesized under high
pressure conditions are not available and neutron scat-
tering experiments on polycrystalline samples or powders
may not reveal the exact orientation of the spins. There-
fore, it is possible that the magnetic order in YMnO3 is
similar to that of TbMnO3, locking into a helical struc-
ture below TL=28 K that would explain the ferroelectric-
ity below this temperature. Alternatively, since the size
of the Y 3+-ion is almost identical to the size of Ho3+ and
theMn−O−Mn bond angle is very similar for both com-
pounds the E-type magnetic structure could be realized
also in YMnO3 in which case the ferroelectricity can be
explained by the double exchange mechanism discussed
by Sergienko et al.15 However, this assumption is only
valid if the magnetic modulation below TL is commen-
surate (E-type), in contrast to the most recent neutron
scattering results.19 Further and more detailed investiga-
tions of the magnetic structure of YMnO3 are necessary
to resolve the conflicts and to find an explanation for the
observed ferroelectricity in the compound.
IV. SUMMARY
We have proven the existence of ferroelectric order
below the magnetic lock-in transition in orthorhombic
HoMnO3 and YMnO3. The FE polarization detected
in both compounds is relatively small. P values of other
orthorhombic RMnO3 and RMn2O5 are distinctively
larger. The value of 250 µC/m2 of YMnO3 is more
comparable to the FE polarization of Ni3V2O8. Thus
the expectation of a two orders of magnitude higher po-
larization in the E-type structure15 cannot be verified in
the case of Ho/YMnO3. It is unlikely that the poly-
crystalline nature of our samples and the factors dis-
cussed above can account for such a dramatic reduction
of the polarization. While large single crystals of the
compounds are not available it is suggested to investi-
gate the FE properties of thin films grown on appropriate
substrates.
Acknowledgments
We like to thank I. Sergienko for stimulating discus-
sions and for communicating his work prior to publica-
tion. This work is supported in part by the T.L.L. Tem-
ple Foundation, the J. J. and R. Moores Endowment, and
the State of Texas through TCSUH and at LBNL through
the US DOE, Contract No. DE-AC03-76SF00098.
1 M. Fiebig, J. Phys. D: Appl. Phys. 38, R123 (2005).
2 W. Prellier, M. P. Singh, and P. Murugavel, J. Phys.:
Condens. Matter 17, R803 (2005).
3 Z. J. Huang, Y. Cao, Y. Y. Sun, Y. Y. Xue, and C. W.
Chu, Phys. Rev. B 56, 2623 (1997).
4 B. Lorenz, A. P. Litvinchuk, M. M. Gospodinov, and C. W.
Chu, Phys. Rev. Lett. 92, 087204 (2004).
5 C. R. dela Cruz, F. Yen, B. Lorenz, Y. Q. Wang, Y. Y.
Sun, M. M. Gospodinov, and C. W. Chu, Phys. Rev. B
71, 060407(R) (2005).
6 M. Kenzelmann, A. B. Harris, S. Jonas, C. Broholm,
J. Schefer, S. B. Kim, C. L. Zhang, S.-W. Cheong, O. P.
Vajk, and J. W. Lynn, Phys. Rev. Lett. 95, 087206 (2005).
7 G. Lawes, A. B. Harris, T. Kimura, N. Rogado, R. J. Cava,
6A. Aharony, O. Entin-Wohlman, T. Yildirim, M. Kenzel-
mann, C. Broholm, and A. P. Ramirez, Phys. Rev. Lett.
95, 087205 (2005).
8 M. Mostovoy, Phys. Rev. Lett. 96, 067601 (2006).
9 A. B. Harris, T. Yildirim, A. Aharony, and O. Entin-
Wohlman, Phys. Rev. B 73, 184433 (2006).
10 I. Kagomiya, S. Matsumoto, K. Kohn, Y. Fukuda,
T. Shoubu, H. Kimura, Y. Noda, and N. Ikeda, Ferro-
electrics 286, 167 (2003).
11 C. R. dela Cruz, F. Yen, B. Lorenz, M. M. Gospodinov,
C. W. Chu, W. Ratcliff, J. W. Lynn, S. Park, and S.-W.
Cheong, Phys. Rev. B 73, 100406(R) (2006).
12 L. C. Chapon, G. R. Blake, M. J. Gutmann, S. Park,
N. Hur, P. G. Radaelli, and S.-W. Cheong, Phys. Rev.
Lett. 93, 177402 (2004).
13 L. C. Chapon, P. G. Radaelli, G. R. Blake, S. Park, and
S.-W. Cheong, Phys. Rev. Lett. 96, 097601 (2006).
14 I. A. Sergienko and E. Dagotto, Phys. Rev. B 73, 094434
(2006).
15 I. A. Sergienko, C. Sen, and E. Dagotto, Phys. Rev. Letters
97, 227204 (2006).
16 B. Lorenz, Y. Q. Wang, Y. Y. Sun, and C. W. Chu, Phys.
Rev. B 70, 212412 (2004).
17 J.-S. Zhou and J. B. Goodenough, Phys. Rev. Lett. 96,
247202 (2006).
18 A. Mun˜oz, M. T. Casais, J. A. Alonso, M. J. Martinez-
Lope, J. L. Martinez, and M. T. Fernandez-Diaz, Inorg.
Chem. 40, 1020 (2001).
19 A. Munoz, J. A. Alonso, M. T. Casais, M. J. Martinez-
Lope, J. L. Martinez, and M. T. Fernandez-Diaz, J. Phys.:
Condens. Matter 14, 3285 (2002).
20 S. Picozzi, K. Yamauchi, G. Bihlmayer, and S. Blu¨gel,
Phys. Rev. B 74, 094402 (2006).
21 I. L. Guy and D. K. Das-Gupta, J. Appl. Phys. 70, 5691
(1991).
22 S. Quezel, J. Rossat-Mignod, and E. F. Bertraut, Solid
State Commun. 14, 941 (1974).
23 I. Sergienko, private communication. We acknowledge
valuable comments by Ivan Sergienko about the polariza-
tion reversal.
24 T. Goto, T. Kimura, G. Lawes, A. P. Ramirez, and
Y. Tokura, Phys. Rev. Lett. 92, 257201 (2004).
